1. Cyclic GMP was introduced into isolated salamander rods through a tight-seal electrode attached to the inner segment while the outer segment was held in a suction electrode; nucleotide-induced membrane current was recorded by both electrodes. After 3-15 s of nucleotide exposure the cells were stimulated with intense, brief flashes, which suppressed 90-95 % of the induced membrane current.
INTRODUCTION
Phototransduction in vertebrate rods requires an intracellular messenger to communicate between rhodopsin in the disc membrane and the light-sensitive conductance of the plasma membrane. Since the mid-1970s the leading candidates for the role of messenger have been calcium and cyclic GMP. Recent evidence has rejected unequivocally the hypothesis that calcium is the messenger (Yau & Nakatani, 1985; Lamb, Matthews & Torre, 1986; McNaughton, Cervetto & Nunn, 1986) . With the discovery that the outer segment membrane contains a cation conductance gated by cyclic GMP (Fesenko, Kolesnikov & Lyubarsky, 1985) and establishment that this conductance is identical with the light-sensitive conductance Matthews, 1986 Matthews, , 1987 , parsimony has dictated accepting modulation of cytoplasmic cyclic GMP as the sole excitational message to the outer segment plasma membrane.
Some observations remain potentially inconsistent with the hypothesis that cyclic GMP is the sole excitational messenger, however. Firstly, the requisite light-induced decline in outer segment cyclic GMP concentration has not been demonstrated directly. A number of laboratories, using distinct techniques have shown that light exposures that completely suppress the light-sensitive current cause only 10-20% declines in the acid-extractable cyclic GMP of the outer segment (reviewed in Pugh & Cobbs, 1986) . Based on such results, it has been argued (Ames, Walseth, Heyman, Barad, Graeff & Goldberg, 1986 ) that the photoresponse is a consequence of the hydrolytic flux of cyclic GMP, not the change in concentration of cyclic GMP (but see Ames & Barad, 1988) . A second problem concerning the identity and nature of the messenger has arisen in electrophysiological experiments in which so-called nonhydrolysable analogues of cyclic GMP have been injected into rods. For example, the cyclic GMP analogue 8-bromo-cyclic GMP increases the light-sensitive current of rods (MacLeish, Schwartz & Tachibana, 1984; Zimmerman, Yamanaka, Eckstein, Baylor & Stryer, 1985; Pugh & Cobbs, 1986) , but has been reported not to be hydrolysable by phosphodiesterases (Miller, Boswell, Muneyama, Simon, Robins & Schuman, 1973; Goodman & Weigle, 1982) including the light-activated phosphodiesterase (Waloga & Bitensky, 1981) . Experiments on excised patches of rod outer segments show that 8-bromo-cyclic GMP acts directly on the conductance to open it (Zimmerman et al. 1985; Matthews, 1987) and thus, if the analogue were not hydrolysable, the closure of the conductance by light would require another messenger.
Recent biochemical evidence, however, has shown that rod disc membrane phosphodiesterase can catalyse, the hydrolysis of 8-bromo-cyclic GMP, albeit very weakly (Zimmerman et al. 1985; Barkdoll, Pugh & Sitaramayya, 1988) . Although these latter data remove a qualitative objection to the hypothesis that the light response requires the lowering of the cytoplasmic activity of any agent that opens 420 the conductance, they pose challenges to the theorist which this paper and a subsequent one address.
The paper is organized as follows. After Methods a Theory section presents a formal model of the introduction of cyclic GMP into the rod from a whole-cell pipette attached to the inner segment and a model of the attendant current induction based upon the hypothesis that cyclic GMP is the sole regulator of the light-sensitive membrane current. In the Results section the theory is confronted with whole-cell and suction-electrode-current data from rods, including rods inserted to varying lengths into the suction electrode. The specific constraints the results place upon a number of quantitative aspects of the cyclic GMP theory are then discussed. Preliminary reports of some of these observations have been presented (Cameron & Pugh, 1988) .
METHODS
The methods employed here were essentially those used by Cobbs & Pugh, (1987) . In brief, larval salamanders were decapitated and pithed, the retinas were removed under infra-red illumination, diced with a razor blade, and about 2,ul of the dissociated retina pipetted into the recording chamber. The chamber was set upon the stage of an inverted microscope, and under deep infra-red illumination the outer segment of an intact salamander rod was drawn into a suction electrode and control suction electrode responses collected. Only cells giving control suction photocurrents of at least 40 pA were used, to insure as near as possible that the initial ionic gradients of all cells studied were the same. Whole-cell pipettes were filled with potassium acetate or potassium asparate medium, comprising the following (mM): potassium acetate (or potassium aspartate), 100; NaCl, 5; MgCl2, 2; HEPES, 10; EGTA, 0-1. Cyclic GMP (5-20 mM) or 8-bromo-cyclic GMP (1 mM) was added to the medium, and the pH adjusted to 7-35 with KOH. After a whole-cell electrode was brought into the chamber and a tight seal made to the inner segment membrane, capacity and series compensation were applied, and the holding potential set to -25 mV, the mean of the values found by Cobbs & Pugh (1987) for the zero-current holding potential in the absence of nucleotide. Whole-cell access was achieved by a brief pulse of negative pressure, and the cyclic nucleotideinduced currents were recorded for a period of 5-30 s, at which point a 20 ,us flash isomerizing 2-7 % of the rhodopsin was delivered; recording was continued for another minute or so after the flash. A 1-2 mV, 20 ms duration voltage command pulse cycle was usually present throughout the entire period, giving whole-cell transient data that allowed determination of useful electrical parameters.
One important difference between the present methods and those of Cobbs & Pugh (1987) was that the whole-cell electrodes employed had lower resistances, typically between 5 and 12 MCI when filled with the intracellular medium. The resistance of each pipette was estimated at the moment it was first introduced into the recording chamber. Some of the analyses performed required us also to estimate the residual series resistance after whole-cell access. Because the rise time (ca 120 ,us) of the FM tape-recorder at the tape speed employed was slower than that required to resolve the transient rise, we employed the method described in Cobbs & Pugh (1987, Fig. 11 ) to determine the residual uncompensated series resistance. In brief, for any fixed capacitance, the recording system gave a unique relation between true series resistance and measured 'integration time', the latter being defined as the integral of the transient component of the whole-cell response to the voltage command step, divided by the maximum transient excursion. Since the capacitance of each rod was readily determined from the total charge in the transient component of the whole-cell current response divided by the applied voltage, we could then use the measured integration time to assign a unique residual series resistance to each experiment. For fifty-five rods infused with 5-20 mmcyclic GMP, the residual series resistance was 60 +1I1 MQ (mean + s.E.M.; see Table 2 ).
THEORY
To determine if the hypothesis that cyclic GMP is the sole agent that regulates the rod's light-sensitive conductance is consistent with our results, we found it necessary 421 to develop a formal model of the relevant features of the rod, which we now present. Application of the model to the results allowed us to test hypotheses about the mechanisms determining the features of the nucleotide-induced current, and to estimate numerical values of several fundamental parameters of the cyclic GMP theory. Figure 1A shows a schematic diagram of the model. After whole-cell access nucleotide diffuses relatively rapidly from the whole-cell pipette reservoir into the inner segment; it then diffuses much more slowly into the outer segment, opening the cyclic GMP conductance as it spreads along the length. As the cyclic GMP conductance opens, cationic current flows into the outer segment and towards the whole-cell electrode sink, in the process creating a non-uniform spatial distribution in the outer segment of membrane current and membrane potential. Formally, the model can be considered as consisting of two subcomponents: a model of the diffusion of nucleotide in the cell; a non-linear cable model of the outer segment. Table 1 lists all the variables, parameters, constants and units that apply.
Diffusion model
The diffusion model, which is an extension of that of Lamb, McNaughton & Yau (1981) , has three conceptual features. Firstly, we suppose three compartments containing nucleotide: the pipette, the inner segment and the outer segment. The pipette volume is assumed infinite and well stirred; the inner segment water volume is assumed to be much larger than that of the outer segment. Morphometric analysis of twenty-five rods supported this assumption: we found the mean ratio of inner segment/outer segment water volume to be 5-5/1, assuming 50 % of the outer segment and 75% of the inner segment is water space (Somlyo &Walz, 1985 C(x,t)=Co, 0<x L, t0.
(1) Boundary:
General: aCoat = DX(a2C/aX2)-/?C+KGC, 0 <x <L, t >O.
(3) The boundary condition at x = 0 embodies the assumption that the concentration of nucleotide in the inner segment is isotropic at any moment after whole-cell access and equilibrates with the pipette concentration as a generalized step function formed by the integral of a cascade of three exponentials:
where fgi(t) = (I/Ti) exp(-t/fi), and '*' signifies convolution. The three Ts were chosen to optimize the fit of the model curves to the current data (see below). For 422 CYCLIC GMP-INDUCED CURRENT IN RODS C = [cyclic GMP], we took /3= 0 4-1-0 s-1 (Hodgkin & Nunn, 1988) ; for C = [8-bromo-cyclic GMP], we set , = 0 (Barkdoll et al. 1988) . KGC is chosen to satisfy the initial steady-state condition C0 = K /I
Cable model
The conceptual features of the cable model are as follows. Firstly, we assume the whole-cell electrode to act as a 'point voltage clamp', with known (measured) access V(x,t) = V0, 0 < x AL, t = 0.
rL Boundary:
V(x, t) = Vo-Ra Ji(x, t), x = 0, t > 0;
J1(x, t) = 0, x > L, all t.
for 0<x<L, t>0,
av/ax = -RAJj(x, t).
(10) The integral boundary condition eqn (6) expresses charge conservation, viz., that any charge that flows into the outer segment is collected by the point sink of the clamping electrode. Equation (7) provides for the correction of the holding potential according to the current flowing through the access resistance. The cable equations (9) and (10) are standard (see, e.g., Jack, Noble & Tsien, 1975, p. 262, eqns 3.2a and 3.3a) , with the exception that ligand gating is included in eqn (9) and a capacitance term has been dropped as negligible in magnitude for the voltage change rates involved (maximum capacitance current estimated to be less than 6 fA jsm-1). The voltage dependence of the cyclic GMP-activated conductance was taken to be the normalized current-voltage relation of Baylor & Nunn (1986) :
with VR = + 8-5 mV and B = 17 mV. The ligand-gating characteristic was taken to be the normalized Hill equation (Fesenko et al. 1985) , with the Hill coefficient N = 2 or N= 3 and KD = 17 /tM (Zimmerman et al. 1985) :
This relation can be assumed to hold on time scales greater than a few milliseconds (Cobbs & Pugh, 1987) . Figure 1B -D illustrates how solutions to the equations were used to generate predictions of cyclic GMP-induced currents. The smooth curves are the calculated spatial distributions at t = 3, 6 and 10 s after whole-cell access of the variables C(x, t), G0(C(x, t)), V(x, t) and Ji(x, t), i.e. the distributions in the outer segment respectively of cyclic GMP, of open cyclic GMP-activated conductance, of membrane potential and of internal longitudinal current. The filled symbols on the internal longitudinal current curves at x = 0 and x = 10 ,um predict for the indicated times the induced whole-cell current and suction current respectively of a rod ( Fig.  5A ) whose outer segment was pulled part-way into the suction electrode: according to the model, the clamp current is Ji(0, t); the suction current for a cell whose outer segment is inserted in the suction pipette is modelled as* the integrated membrane current from the point of maximal pipette constriction (x = xm) to the outer segment tip, which is just Ji(xm, t).
Method of solving the equations The diffusion equations (1)- (4) admit an explicit solution, whose essential form can be found in Carslaw & Jaeger (1959, p. 104, eqn 3; p. 313, eqn 7) . The non-linear cable equations had to be solved numerically, since they do not admit an explicit solution.
Computationally, the boundary or conservation equation, eqn (6), played a key role in assessing whether or not a particular pair of parameters Ri and J*ax yielded a normalized); of internal longitudinal current, J,(x, t); and of membrane potential, V(x, t).
Xm marks the point of maximal suction pipette constriction (see Fig. 6 ). The two filled circles on the internal longitudinal current curves, Jj(x, t), predict the magnitude of the whole-cell current and of the internal longitudinal current flowing past the point of maximal suction electrode constriction, which is estimated empirically from the suction electrode current. Theory parameters employed in computing these curves were those of the rod of Fig. 5A (see Table 3 ). 425 consistent solution. The method used to find a solution to the cable equations relied on a directed search technique that varied Jj(0, t) systematically (given J*ax and R1) to satisfy the boundary constraint, eqn (6) for x = 0. We required that the solution satisfy this constraint to within 1 %. For each distribution of nucleotide C(x, t) generated by the solution to the diffusion equations -and the corresponding distribution of ligand-activated conductance, G0(C(x, t)) -a unique cable solution was readily found by the iterative, directed search procedure.
Method of curve fitting
For a specific cell whose outer segment was partially inserted into the suction electrode with length xm excluded ( Fig. 5; Table 3 ), we first took that moment in time tf at which the flash was delivered, and searched for solutions to the equations such that:
observed clamp photocurrent magnitude = J1(0, tt) and 'corrected' suction photocurrent magnitude = Ji(xm, tf), where 'corrected' means corrected for the limited collecting efficiency of the suction electrode. Once this was done, a complete least-squares search procedure was applied to fit the current time course data, as in Fig. 6 . The fitting procedure used the simplex routine STEPIT (J. P. Chandler, Quantum Chemistry Exchange, Indiana University), and searched a four-parameter space: Dx, and ri (i = 1-3), the time constants of the three exponentials in the temporal forcing function (eqn (4)). For each particular combination of parameters tried during the search, the diffusion equation was solved at 0'5 s intervals, and the cable equation solved iteratively as described above, generating the two curves Jj(0, t) and Ji(xm, t) corresponding to the whole-cell and the suction current trace, respectively. Then, the squared error was computed and cumulated, up to the point of the flash. STEPIT searched the parameter space to minimize this error. We weighted the error contributions of the suction-and whole-cell traces differentially, since the smaller magnitude 'corrected' suction currents produced by cells partially pulled into the pipette were otherwise neglected by STEPIT. Typical weighting was 2-5 times greater for the error in predicting the corrected suction current trace. Figure 2 shows the time courses of the whole-cell and suction electrode currents induced in four rods into which nucleotide was introduced from whole-cell pipettes containing 5, 10 or 20 mM-cyclic GMP and 1 mM-8-bromo-cyclic GMP, respectively. In each panel A-D the membrane currents are arranged in register with the time point (t = 0) at which intracellular access was attained; the traces are terminated a few seconds after an intense 20 gus flash was delivered. Plotted along with the suction electrode trace is a theoretical trace (smooth line), computed with the theory presented above. Summary statistics for eighty-one rods similarly infused are presented in Table 2 . A key feature of the data is that the magnitude of the lightsensitive current induced by the different cyclic GMP concentrations differed relatively little. For example, the mean whole-cell photocurrent (1300 pA) of the cells 426 into which cyclic GMP was introduced from pipettes containing 20 mM-nucleotide was only 13% larger than that (1150 pA) of the cells into which it was introduced from pipettes containing 10 mM-nucleotide. For cells positioned as in Fig. 2 with the inner segment-outer segment junction just past the point of maximal suction pipette constriction, the suction electrode and whole-cell electrodes usually recorded currents for the initial 4-5 s after intracellular access that were nearly identical when the suction electrode record was scaled by a factor of 1-1P6. This congruence between suction and whole-cell traces is illustrated in Fig. 2 by showing the sum of the scaled suction and whole-cell currents below the traces: this sum is nearly constant in the first few seconds. For our sample of thirtyseven rods similarly positioned and into which nucleotide was introduced from pipettes containing 5-20 mM-cyclic GMP, the ratio of suction photocurrent to wholecell photocurrent was 0-74 + 0-02; we take this factor to represent the average suction electrode collection efficiency for cells placed in the optimal position. A highly reliable discrepancy between suction and whole-cell traces, however, was usually manifest about 6 s after nucleotide was introduced, and is seen in Fig. 2A -C: the whole-cell traces, rather than continuing to increase, begin to decline towards baseline. This 'decline' can be tentatively identified as due to an inner segment membrane current, because its mirror image is not recorded by the suction electrode, and because an offset below the zero-current level of comparable magnitude is observed when the flash is delivered. We conclude that the suction electrode gives, for cells positioned as in Fig. 2 , a more accurate representation of the time course of outer segment cyclic GMP-activated current, albeit reduced to about 3/4 amplitude of perfect collection efficiency.
RESULTS
In contrast to the rather weak dependence of the magnitude of the induced lightsensitive current on pipette cyclic GMP concentration, the rate of change of the current induction exhibited a strong dependence on the same variable. This is clearly illustrated in Fig. 3 , where the cyclic GMP-induced suction electrode currents of thirty-one rods are shown. In panels A-C the currents are shown on an absolute 427 428 D. A. CAMERON AND E. N. PUGH scale; in panel D, the currents have been normalized vertically and slid laterally within each concentration group such that they intersect at the mean time of the mid-points of the group. In Table 2 we quantify the dependence of the rate of change of induced current by giving the mean maximum rates for each concentration. e; Q°o 4r current is not limited by the nucleotide concentration is provided in Fig. 4 , which shows the whole-cell currents of a population of isolated rod outer segments (no attached inner segments), into which cyclic GMP was introduced from pipettes containing 10 mM-cyclic GMP. The mean whole-cell photocurrent observed was 1370 + 145 pA (mean+2 S.E.M), not significantly different from the mean maximal current of the intact rods infused from pipettes containing 10 or 20 mM-cyclic GMP. The maximal rate of change of the nucleotide-induced current was considerably larger, however, than that of the intact rods into which nucleotide was introduced into the inner segments from pipettes containing 10 mm-cyclic GMP, presumably because the nucleotide reaches the outer segment conductances more rapidly. The distribution of induced photocurrents of this population of outer segments is not significantly different from that of the population of isolated outer segments infused with 5 mM-cyclic GMP by Hestrin & Korenbrot (1987) : 1374 + 175 pA (mean+ S.E.M., n = 8).
Perhaps surprisingly in the face of the weak dependence of induced whole-cell current magnitude upon pipette nucleotide concentration, theory leads one to expect that the spatial distribution of infduced membrane current in the outer segment in these experiments should be highly non-uniform. The internal longitudinal resistance of the salamander rod outer segment can be estimated from structural data (Mariani, 1986 ) and the expected cytoplasmic resistivity of 100-200 Q2 cm to be greater than 1 MQ sm-1 (Lamb & Matthews, 1988, p. 475) . When this latter estimate of longitudinal resistance is applied in the cable model, the model predicts that the tip of the rod must be depolarized significantly when large inward membrane currents are induced by cyclic GMP. Fig. 2 ; the suction electrode traces are shown at twice the scale of the whole-cell trace. Two suction electrode traces are shown: SEraw (upper left in each panel) gives the raw current recorded by the suction electrode; SEcorr gives a trace 'corrected' for leakage of current outside the seal, as described in the text. Theoretical curves (dashed traces) have been fitted to the whole-cell and suction current records as described in the Theory section; model parameters are presented in Table 3 . The theoretical curve through the whole-cell trace is the internal longitudinal current flowing to the whole-cell pipette sink. The theoretical curve through SEcorr is the longitudinal current flowing past the point of suction electrode maximal constriction (shown as a dotted line across the drawing of the rod outer segment). The theoretical curve through SEraw was derived from the model's prediction of the distribution of cyclic GMP-induced membrane current by assuming that each local component of outer segment current originates at the solution and suction electrode (virtual) grounds according to a simple current divider relation. The divider relation assumed the measured total seal resistance of the rod in the suction electrode to comprise a uniform resistance per unit length in the region of pipette contact with the outer segment, and resistance elsewhere proportional to the reciprocal of the patent cross-sectional area of the electrode measured from the video record. Insets as in Fig. 2 .
We took an experimental approach to assess the effect of oitter segment longitudinal resistance. Figure 5 shows the data of four experiments in which only a portion of the outer segment was drawn into the suction electrode. In all respects except the position of the cell in the suction electrode, the experiments of Fig. 5 Initially in analysing the data of experiments such as Fig. 5C and D, we were troubled to find that the current recorded by the suction electrode, though much smaller in amplitude, at early times was proportional to the whole-cell current. In a case such as Fig. 5D where only the tip of the rod was held inside the suction electrode, this seemed to imply that the cyclic GMP was diffusing very rapidly to the tip. However, this phenomenon was due to an artifact which is a necessary consequence of the relatively low seal resistance of the suction electrode: the latter was acting as a source for a small portion of the current that was flowing into the portion of the outer segment that was largely outside the suction electrode. The scale factor that brought this early phase of the suction electrode current into congruence with the whole-cell trace in the first 2 s was close to that estimated from a simple current divider relationship between the solution ground and the suction electrode virtual ground. We corrected for this artifactual suction electrode current by (i) inverting the whole-cell trace, (ii) scaling it to agree with the suction electrode trace in the first 2 s (average scale factor, 0 05), and (iii) subtracting. The residual suction electrode trace was then corrected for a collection efficiency of 0 75. The corrected suction electrode traces ('SEcorr ') in Fig. 5 represent these residual curves, which we identify with the integrated outer segment membrane current flowing past the point of suction electrode maximal constriction (see Fig. 1 ). Further confirmation of the validity of this strategy for estimating the internal longitudinal current flowing past the point of maximal suction pipette constriction was obtained by explicitly modelling the distributed resistance of the suction pipette seal and showing that the theoretically derived membrane current distribution can predict the raw suction electrode current (see Fig. 5 legend) . This result provides support for the method of correcting the suction electrode record for current it supplies to the portion of the outer segment outside the pipette constriction, and thereby obtaining a more accurate estimate of the internal longitudinal current flowing past the pipette constriction. Figure 6 summarizes the results of eleven experiments in which outer segments were drawn into the suction electrode to various extents, as in Fig. 5 . The abscissa is the length of the outer segment excluded from the suction pipette, and the ordinate the ratio of the corrected suction photocurrent to the whole-cell photocurrent. The data are consistent with a roughly exponential decay of the ratio, with an apparent length constant of 5-7 ,um.
The theory was applied initially to predict the whole-cell and suction photocurrent magnitudes of the rods partially inserted into the suction electrode, assuming that the spatial distribution Gc (C(x, t) ) of open cyclic GMP conductance at the time of the flash was uniform. This application of the cable model alone yielded completely constrained estimates of Ri, the internal longitudinal resistance and J*ax, the 432 CYCLIC GMP-INDL TCED CURRENT LV RODS predicted 'space-clamped' cyclic GMP-activated current density. Table 3 shows the estimated values of these two parameters for eleven rods inserted in the suction electrode to varying lengths. The estimates of Ri and J*ax so obtained differed insignificantly from those which were obtained when the theory was applied to xm, length of outer segment excluded from suction electrode (,um) Fig. 6 . Spatial decay of the cyclic GMP-induced membrane current for eleven rods pulled partially in to the suction electrode. The abscissa is xm, the length of that portion of the outer segment excluded from the suction electrode (i.e. the length from the inner segment-outer segment junction to the point of maximal suction pipette constriction); the ordinate is Ji(xm, tf) the estimated cyclic GMP-induced internal longitudinal current flowing past xm divided by the whole-cell photocurrent, Ji(O, tf), at tf the time of the intense flash. Ji(xm, tf) was estimated as explained in the text from experiments like those in Were the outer segment a linear cable, the space constant would be given as A= Ji(°)/J*ax; for the theoretical curves the corresponding As are 12-0, 5 5, and 3-6 ,um, from top to bottom respectively.
predict the complete time course of whole-cell and suction electrode nucleotideinduced currents. For a modal length rod of 23 ,tm, the mean estimated current density of 313 pA /tm-1 predicts that a space-clamped rod with all its cyclic GMP conductance open would have a whole-cell current of 7200 pA, more than 5 times the recorded mean recorded current of 1300 pA. The theory was used to predict the time course of the induced whole-cell and 433 suction photocurrents for the experiments of Fig. 5 , and for six additional cells that were inserted to varied lengths into the suction electrode. This application of the theory generated estimates of another fundamentally important parameter, Dx, the effective longitudinal diffusion coefficient of cyclic GMP in the outer segment. The mean value was 6-6 /am2 s-' (Table 3 , upper portion). Column key: J,(0), cyclic GMP-induced light-sensitive whole-cell current; xm, length of outer segment excluded from suction electrode; Ji(xm), cyclic GMP-induced light-sensitive current for portion of rod in suction pipette (see text); Ri, estimated internal longitudinal resistance; J*ax, estimated maximum current density; Dx, estimated cyclic GMP longitudinal diffusion coefficient.
(The current traces for rod I were interrupted; the photocurrents were accurately measured, however.)
Although the magnitudes of the induced currents of rods wholly inserted into the suction electrode (Figs 2 and 3) provide no information about the spatial distribution of the currents, the time course of the currents contain information about the diffusion of cyclic GMP. Thus, assuming that the mean estimates of Ri and J*ax (3 3 MQ 2,um`a nd 313 pA um-' respectively) obtained from fitting the model to the currents of rods partially inserted into the suction electrode apply to the entire population of rods, we fitted the model to an additional five cells each from the 5, 10 and 20 mM-cyclic GMP populations of Table 1 . This yielded fifteen additional estimates of the effective longitudinal diffusion coefficient (Table 3 , lower portion). The theoretical curves drawn through the suction current data of Fig. 2A-C are examples of these latter fitting analyses. Next, the completely constrained model rod derived from combining all the parameter estimates in Table 3 was used to generate predicted traces (dashed lines) for the data of Fig. 3 . We conclude that the average model rod gives a reasonable description of the population mean. Finally, the model was also applied successfully to the results of cells that were infused with 8-bromo-434 CYCLIC GMP-INDUICED CURRENT IN RODS cyclic GMP (e.g. Fig. 2D) , with an appropriate change in the concentration that produces half-maximal activation of the conductance to 1P7 /M (Zimmerman et al. 1985) .
A key problem for implementing the model was the choice of the boundary forcing function F(t) (eqn (4)), a choice not easy to make a priori. The work of Pusch & Neher (1988) describing introduction of fluorescent substances into chromaffin cells (which are about the same volume as salamander rod inner segments) suggested to us that a good initial guess for the forcing function would be an exponential decay, with a time constant of 10-60 s. Initial attempts to fit the data with a single-exponential forcing function proved unsuccessful because the current rise predicted upon wholecell access had no delay or dead time. None the less, the time constant of the dominant component of the triple-exponential cascade step (eqn (4)) was roughly consistent with the relation Pusch and Neher found between access resistance, cell size and apparent time constant. For the twenty-seven rods whose current induction time course was fitted with the theory, the mean values (±S.E.M.) of the forcing function time constants were = 22 + 02 s, -r2= 58 + 05 s and T3= 338 + 35 s. The first two time constants were invariably much shorter than the third, and mainly provided for the initial 'dead time'. The third time constant and the diffusion coefficient DX determined the rate of increase of the nucleotide-induced current, with the dependence of curve shape on D_ being greater than the dependence on T3 when the latter parameter was in the range 10-60 s expected from the results of Pusch & Neher (1988) .
DISCUSSION
The most striking result of this investigation is the demonstration that one cannot with a single whole-cell electrode space clamp a rod outer segment in which most of the cyclic GMP-activated conductance is open, because of the high internal longitudinal resistance. Our maximal nucleotide-induced currents (1200-2000 pA) -which are very similar to those of Hestrin & Korenbrot (1987) from isolated outer segments -are shown to underestimate by a factor of 3-5 the wholecell current that would be recorded if all the cyclic GMP-activated conductance could be instantly opened in a space-clamped rod.
Other factors besides internal longitudinal resistance also potentially lead to underestimation of the maximal nucleotide-induced light-sensitive current, including the whole-cell pipette series resistance, the spatial distribution of cyclic GMP and cation gradient diminution in the relatively small volume outer segment. Our experiments and analyses support the conclusion that these latter factors are unlikely to have diminished the observed nucleotide-induced light-sensitive current by more than about 20-30 % in aggregate. Series resistance was estimated directly and correction for it was built into the model (eqn (7)). The weak dependence of induced current magnitude on pipette nucleotide concentration over a 4-fold concentration range (Table 2) when diffusion theory requires a linear relation at any moment in time between the pipette concentration and the induced spatial distribution of nucleotide eliminates the latter as seriously limiting the induced current. Moreover, the induced spatial distributions of nucleotide at the time of the 435 flash found by the theory to be consistent with the data predicted virtually uniform activation of the cyclic GMP conductance (e.g. Fig. ID , curve Gj). Finally, the diminution of ion gradients driving the induced current was excluded as a serious limiting factor by modifying the model to include the effect of Na+ influx on the reversal potential of the cyclic GMP-activated conductance (Appendix).
Another potential limiting factor might be increased divalent cation block of the cyclic GMP-gated conductance by increased intracellular calcium. The work of Yau, Haynes & Nakatani (1986; see Fig. 5 in Yau & Baylor, 1989) makes it quite unlikely that such a limitation by increased calcium occurs, since the altered block occurs primarily on the positive side of the reversal potential (ca + 10 mV) and since the effect of calcium is minimal in the presence of normal [Mg2+] .
The space-clamped nucleotide-induced current density the model predicts of 313 pA jym`o r ca 7 pA /tm-2 of outer segment membrane surface is higher than the largest value estimated from data of excised outer segment membrane patches. From noise analysis it has been estimated that the unitary current of the cyclic GMPactivated conductance under normal ionic conditions is about 4 fA and that there are about 400-1000 channels ,m-2 (reviewed in Yau & Baylor, 1989) , leading to an estimate of maximal current density of 1-6-4 pA gm-2. Given the uncertainties in determining the size of excised patches and the variation across patches, our estimate of 7 pA ,cm-2 does not seem unreasonable, however. Our estimate of a space-clamped cyclic GMP-activated current of 7200 pA leads to an improved estimate of C0, the resting free cyclic GMP in the salamander rod outer segment via eqn (3). Assuming 50 pA as the normal dark current, then by inverting the Hill relation (eqn (12)), we obtain, C0 = KD[F/(1-F)](l/1N), where F = 50/7300 = 0-007 is the fraction of cyclic GMP channels open in the dark, and KD= 17 /,M (Zimmerman et al. 1985) . If N = 2, CO = 14 ,UM; if N = 3, C0 = 3-2 ,gM. We found in fitting the model to our data that they are consistent with either N = 2 or N = 3, but were decidedly poorer fits with lower or higher values of N.
We used very high pipette nucleotide concentrations to obviate diffusion limiting maximal current induction ( Fig. 3; Table 2 ). None the less, both data ( Fig. 5) and theory show that nucleotide diffusion must be considered in any comprehensive model of nucleotide-induced current. Indeed, given the dark hydrolysis so clearly established in the work of Hodgkin & Nunn (1988) , it follows that no point source of nucleotide can ever produce an isotropic distribution of nucleotide in the outer segment. The steady-state solution to the diffusion equations (eqns (1)-(3)) leads one to expect that, even in the dark, the cyclic GMP distribution induced from a point source will be given approximately by C(x) = CO + (C.0-CO) exp [-IxI/A), where C0 is the initial free cyclic GMP before whole-cell access, C,,, is the pipette concentration, and the space constant A = VlDx// = 2-4 /4m, given /8 = 1 s-' (Hodgkin & Nunn, 1988) and Dx = 3-10 /tm2 s-1 (providing C., the pipette nucleotide concentration, is lower than the phosphodiesterase km, the dissociation constant of the catalytic site of the enzyme, which is about 600 /IM (Barkdoll et al. 1988 ). This analysis predicts qualitatively the mismatches between the cyclic GMP dependence of currents induced in whole cells and outer segments and that of 436 currents induced in excised patches (Hestrin & Korenbrot, 1987; Sather & Detwiler, 1987) , a mismatch that can be partially corrected by the use of the phosphodiesterase competitive inhibitor, IBMX (Nakatani & Yau, 1988) . In calculations with the model the nucleotide distribution at various times (see Fig. 1 ) was found to be approximately exponential until late in the diffusion process. Slow diffusion combined with hydrolysis must also circumscribe the distance over which microinjected nucleotide travels in outer segments. In the pioneering experiments of Nicol & Miller (1978) and Miller & Nicol (1979) for example, it seems unlikely that at the time of the stimulating flashes the injected cyclic GMP could have moved more than a few micrometres. Moreover, from the estimated amount of injected cyclic GMP, it is likely that the microinjections caused the membrane immediately in contact with the pipette to be locally depolarized to the reversal potential of the cyclic GMP conductance.
The value 7 0 4um2 s-' estimated for the effective longitudinal diffusion coefficient of cyclic GMP in the salamander outer segment is quite close to that (ca 10 ,um2 s-1) estimated by Lamb et al. (1981) in toad rods prior to identification of cyclic GMP as the integral messenger, and is less than 1 % the value that would be expected in free aqueous diffusion. In keeping with the seminal analysis of Lamb et al. (1981) , it seems likely that the principal cause of the low value is simply baffling by the discs themselves, although hindrance due to binding cannot be excluded. Our model made no attempt to deal formally with cyclic GMP binding, which would have considerably complicated matters, and so it must be kept in mind that the value 7 /tm2 S-1 is, simply, an estimate of the effective longitudinal diffusion coefficient.
Our results confirm important design features of the rod previously inferred by others. Firstly, the highly hindered diffusion of cyclic GMP confines the effect of a single photon absorption to a region less than 3 ,um at the time of the response peak (Lamb et al. 1981, eqn (14) ). Secondly, even with a high internal longitudinal resistance of 3 MQ,um-', the cable theory predicts that the normal resting dark current of ca 50 pA would produce only a 3-5 mV difference in membrane potential between the outer segment base and tip in a 23 ,m outer segment, and moreover predicts nearly perfect summation in producing membrane potential change of the effects of photons whose site of absorption is separated by a few micrometres (Lamb et al. 1981; Schnapf, 1983) .
APPENDIX
Modification of the cable model to include ion gradient diminution We attempted to quantify the effect of the ion gradient diminution on the magnitude of the cyclic GMP-induced currents by generalizing the cable model. We decomposed the net membrane current predicted by the model above into an inward Na+ influx and an outward K+ efflux with a constant field model, and integrated these fluxes across time; we then recomputed the local reversal potential with the Goldman-Hodgkin-Katz equation, and used this time-and space-dependent reversal potential VR(x,t) in the cable equations. We found that the resultant computed whole-cell current fell short of that predicted without this modification by about 30% at the time of a typical flash. A compensatory adjustment requires an 437 4D. A. CAMERON AND E. K PUGH approximately 30 % increase in J*ax. We chose not to apply this modified cable theory to our data, for two reasons. Firstly, the Na+ that enters into the real rod is in fact free to diffuse, rather than constrained to stay at the location that it entered. A more complete model should incorporate this diffusion process. Secondly, there is reason to believe that a considerable amount of the Na+ that enters near the inner segment-outer segment junction is in fact pumped out by the Na+-K+ exchange of the inner segment, and is revealed by the net outward current seen in the whole-cell, but not the suction electrode (e.g. Figs 2A-C and 5A and C). Both of these effects attenuate gradient diminution, consistent with an upper bound of the effect of ion gradient diminution on the measured currents of about 20 %.
We, thank Drs T. D. Lamb and B. Salzberg for very helpful criticism of a prior version of the paper. Supported by NIH, grant EY-02660.
